Flocculation with titanium tetrachloride (TiCl 4 ) and titanium sulfate (Ti(SO 4 ) 2 ) was investigated in terms of different coagulant doses, pH, turbidity, dissolved organic carbon (DOC), UV-254, colour, zeta potential, particle size and molecular weight distribution. The two coagulants were compared with the commonly used coagulants such as ferric chloride (FeCl 3 ) and aluminium sulfate (Al 2 (SO 4 ) 3 ).
INTRODUCTION
This process is commonly used to remove suspended organic matter and colour. Commonly used coagulants include the following (1) aluminium sulfate (72%), (2) iron salts (23%) and (3) polyaluminium chlorides (5%) (DeWolfe et al. 2003) .
Aluminium sulfate is the most commonly used coagulant and is easy to handle and apply. Its main disadvantage is that it is most effective over a limited pH range of 6 to 8 (Adin et al. 1998) . Ferric chloride is also a commonly used coagulant and is effective over a wider pH range of 4 to 10.
The ferric hydroxide floc is also heavier than the aluminium floc, improving its settling characteristics, and reducing the size of the clarifier. However, the flocculation process using these coagulants produces large quantities of sludge which inhibit efficient wastewater treatment. A coagulant that produces less sludge or more reusable sludge offers a better solution to many environmental and economical problems associated with sludge handling.
The possibility of using titanium compounds as coagulants in water treatment was first investigated by Upton & Buswell (1937) . They found that titanium sulfate appeared to have better fluoride removal due to a quadrivalent cation instead of the trivalent aluminium ion. Ilmenite extract gave much better coagulation in the coloured water high in colloidal matter and dissolved salts than aluminium or ferric sulfates. ] concentration achieved of 0.5-0.6 mg/L. They found that the concentration of the sulfate ions in purified water after titanium sulfate flocculation did not exceed the permissible limit at the optimum doses of wastewater purification.
In recent years, various new coagulants have been studied and developed including organic, inorganic and composite coagulants. Shon et al. (2007) reported the use of Ti-salt as a new coagulant was efficient and economical not only in terms of organic matter removal, but also in sludge reduction. They studied titanium tetrachloride as an alternative coagulant to remove particulate and dissolved organic matter from wastewater. Titanium tetrachloride successfully removed organic matter to the same extent as ferric and aluminium salts. The settling of titanium sludge was faster which made the subsequent separation process easier. After flocculation with titanium salts, the settled floc was incinerated to produce titanium dioxide (TiO 2 ), which had competitive quality characteristics as that of commercially available TiO 2 . As sludge containing titanium salts was produced in significant quantities in wastewater treatment plants, sludge associated environmental problems will be hindered and the TiO 2 demand can be met in many other applications.
In this study, characterisations of titanium tetrachloride and titanium sulfate coagulants were investigated in terms of turbidity, dissolved organic carbon (DOC), UV-254 absorbance, colour, zeta potential, particle size, and molecular weight distribution. The performance of titanium salt coagulants was compared with ferric chloride and aluminium sulfate coagulants. Table 1 shows the compounds of synthetic wastewater (SWW) used in this study. This wastewater represents biologically treated sewage effluent in a wastewater treatment plant (Seo et al. 1997) . Tannic acid, sodium lignin sulfonate, sodium lauryle sulfate, peptone and arabic acid contributed to the large MW size organic matter, while the natural organic matter (NOM) from tap water, peptone, beef extract and humic acid consisted of the small MW organic matters. 
MATERIALS AND METHODS

Synthetic wastewater
Jar test procedure
Turbidity and zeta potential
A turbidimeter (HACH 2100P, USA) was used to measure the turbidity. Amount of 25 ml of the supernatant of each coagulant was taken for the turbidity measurement after 50-minutes settling period. Measurements for the turbidity for each coagulant were taken three times and the mean value was recorded. Zeta potential was measured using (Zeta sizer 3,000 m, Malvern, UK) to support the assumption of complete charge neutralization. For each sample, the instrument automatically made triplicate measurements, and a mean value was recorded. Measurements for zeta potential were undertaken twice for each sample and a mean value of the two measurements were taken as a result.
DOC, UV-254 absorbance and colour DOC was measured by using the UV-persulfate TOC analyser (Multi NC2000, Analytikjena, Germany). All samples were used to calibrate the equipment. The floc size distribution was investigated with a laser particle size analyser (LS-230, Beckman Coulter, USA) to determine the particle size distribution for the four coagulants.
RESULTS AND DISCUSSION
Turbidity removal
The effectiveness of the flocculation process can be measured by the percentage of turbidity residual. Residual colour removal Figure 5 shows the effect of coagulation on colour removal.
As can be seen from Figure 5 , the percentage of colour removal increased when coagulants' doses were raised. 
Zeta potential
The measure of coagulant effects is indicated by zeta potential. Coagulation generally occurs when zeta potential is lowered to less than^0.5 mV (DeWolfe et al. 2003) .
Although zeta potential is used for measuring the charge for coagulation, it should never be the sole measure of determining coagulant dosage. In fact zeta potential is more of a confirmation of the observations of jar testing.
Zeta potential allows for optimisation of dose, but then so does a jar test, without the expensive analyser. Bernhardt & Schell (1993) Particle size distribution 
CONCLUSIONS
The possibility of using titanium salts as alternative coagulants was tested and compared to the commonly used aluminium and ferric salts. Two types of titanium salts were studied; titanium tetrachloride and titanium sulfate. The coagulation performance for the titanium salts was less sensitive to pH (between pH 4 and 10) and also can have an advantage in the secondary effluent pre-treatment at natural pH. It is both cost-effective and environmental friendly to use the titanium salts not only in terms of removal of organic matter, but also in sludge reduction and producing titanium dioxide.
